Abstract: Dislocation-free tetragonal hen egg white (HEW) lysozyme crystals were grown from a seed crystal in a cell. The rates of tetragonal HEW lysozyme crystal growth normal to the (110) and (101) faces with and without a 1-MHz external electric field were measured. A decrease in the typical growth rates of the crystal measured under an applied field at 1 MHz was observed, although the overall driving force increased. Assuming that the birth and spread mechanism of two-dimensional nucleation occurs, an increase in the effective surface energy of the step ends was realized in the presence of the electric field, which led to an improvement in the crystal quality of the tetragonal HEW lysozyme crystals. This article also discusses the increase in the effective surface energy of the step ends with respect to the change in the entropy of the solid.
Introduction
The three-dimensional (3D) structures of protein molecules are closely related to the proteins found in living organisms. Thus, determination of the 3D structures of protein molecules is important for the advancement of medical science [1] . The 3D structures of protein molecules have typically been determined at synchrotron radiation facilities with high brilliance. A structure determined using data finer than 1.5 Å-which corresponds to the length of a covalent carbon-carbon bond-is needed in order to achieve structure-guided drug design and controlled drug delivery. This means that the collection of many high-order reflections of protein crystals (i.e., high diffraction efficiencydiffractivity) is desired to obtain accurate 3D structures of protein molecules. As such, many researchers have focused on developing a high-brilliance source and/or improving the sensitivity of the detector system [2] . However, useful structural analysis (<1.5 Å) of protein molecules for structure-guided drug design and controlled drug delivery represents only 9% of all protein molecules registered with the Protein Data Bank (PDB; http://www.rcsb.org/pdb/), even using synchrotron radiation facilities with high brilliance, such as SPring-8. This suggests the importance of the growth of high-quality protein crystals that allow the collection of many high-order reflections.
The growth of high-quality single crystals of proteins has been intensively pursued using magnetic fields [3] [4] [5] [6] [7] [8] [9] , microgravity [10] [11] [12] [13] [14] [15] [16] , solution flow [17] [18] [19] [20] , and gel as a growth host media [21] [22] [23] [24] [25] [26] [27] [28] . A growth technique mediated by screw dislocations under low supersaturation has also been proposed [29] [30] [31] [32] . Techniques in which an electric field is applied to a protein solution have also been actively investigated, with a focus on controlling the nucleation rate [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] .
We have also previously attempted to control the nucleation process of protein crystals under an applied electrostatic field [50, 51] by considering the effect of the field on the nucleation rate from a thermodynamics perspective. The effect of such a field was attributed to the electrostatic energy added to the chemical potentials of the liquid and solid phases. The electrostatic energy was produced by a large electric field of about 10 4 V/cm associated with an electric double layer (EDL) at the interface between the two phases, which was significantly larger than the actual experimentally-applied field (800 V/cm) [52] . This thermodynamic effect is added not only to the chemical potential, but also to the entropy. In particular, it was thermodynamically determined that the entropy of the solid decreases under an external electric field with a frequency of 1 MHz, and this is expected to result in a decrease in the degree of disorder in the crystal. Therefore, we attempted to improve the crystal quality of tetragonal hen egg white (HEW) lysozyme crystals by applying a 1-MHz external electric field. It was found that the full width at half-maximum (FWHM) of the X-ray diffraction rocking curves for the resulting crystals was lower than that in the absence of an electric field [53] . In addition, for crystals grown in an electric field, the FWHM was almost independent of the order of the diffraction peaks, whereas in the absence of an applied field, the FWHM increased for diffraction peaks with an order higher than 440 reflection [53] , which suggests an improvement in local crystal quality. It was also found that the crystal homogeneity was improved under an electric field [54] . The improved crystal quality was attributed to a decrease in the misorientation between subgrains in the crystal [55] . The mechanism involved is not yet fully understood, although it may be related to the incorporation of impurities into the growing crystal.
In situ observation is a powerful tool for investigating the kinetics of protein crystal growth. The incorporation of impurities into the growing crystal has a significant effect on the kinetics of crystal growth. Therefore, the behavior of impurities can be understood by observing the change in crystal growth kinetics. If an external electric field has an effect on impurity incorporation, it would therefore also change the crystal growth kinetics. In this article, we reveal the effect of an external electric field on the incorporation of impurities into a growing crystal with respect to the change in crystal growth kinetics.
Experimental Procedure
HEW lysozyme was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). There is typically a large amount of NaCl present in commercial HEW lysozyme; therefore, NaCl was removed from the HEW lysozyme solutions by dialysis. Tetragonal HEW lysozyme crystals grown from seed crystals were used in this work. Seed crystals were first grown by preparing an 80 mg/mL HEW lysozyme solution and a 1.0 M NaCl in 100 mM sodium acetate buffer solution and mixing them in equal volumes. The solutions were passed through a filter with a pore size of 0.20 µm to remove any foreign particulates or large protein aggregates. The resulting solution consisted of 40 mg/mL HEW lysozyme and 0.5 M NaCl in 100 mM sodium acetate buffer at pH 4.5. The seed crystals were grown from this crystallization solution at 21 • C for 1 day via the hanging drop technique. The grown seed crystals were chemically fixed by a modified version of a previously reported method [56, 57] . The solution used for chemical cross-linking was a mixture of 2.5 wt % glutaraldehyde and 0.5 M NaCl in 100 mM sodium acetate buffer. The seed crystals were immersed in the cross-linking solution for 15 min at 23 • C. Therefore, no dislocations were introduced from the seed crystal, although it is possible that dislocations could occur during the growth process after two weeks [58] . This means that no dislocations occur during in situ observation, because the observation time is about one day. After cross-linking, the seed crystals were rinsed and reused because they did not dissolve in the undersaturated solution.
Next, a 100 mg/mL solution of HEW lysozyme and a solution of 1.0 M NaCl in 100 mM sodium acetate buffer were prepared and mixed in equal volumes. The resulting solution consisted of 50 mg/mL HEW lysozyme and 0.5 M NaCl in 100 mM sodium acetate buffer at pH 4.5. A tetragonal HEW lysozyme crystal was grown from a cross-linked seed crystal in a growth cell (25 × 25 × 4 mm). Crystal growth was conducted with and without a 1-MHz electrostatic field, and in situ observations were made using a digital microscope. Figure 1 shows a schematic illustration of the electrode arrangement on both sides of the growth cell. As shown in Figure 1 , no current flows into HEW lysozyme solutions.
The electrodes were parallel to the (110) face of the seed crystal. Observations were made of the (110) face perpendicular to the electric field , in addition to the (101) face inclined by approximately 18 • to the field. The electric field strength was 1100 V/cm, and indium tin oxide-coated glass slides with a surface resistivity of 8-12 Ω/sq were used as the electrodes. However, in such a situation, it is expected that a large electric field of about 10 4 V/cm would be generated by the EDL at the interface between the solution and the crystal. The growth rate R for the crystals was measured in the presence and absence of the applied field, and the supersaturation σ (=ln C C eq -where C is the concentration of the solution and C eq is the solubility) of the HEW lysozyme solution-was changed by varying the temperature. That is, all growth rates were measured using the same seed crystal at various temperatures. The supersaturation was estimated from the data given in Reference [59] . It can be seen that for both directions, the dimensions increase linearly with growth time, which indicates that the driving force is unchanged during the measurements. Additionally, the growth rate R, obtained from the slope of the straight lines, is smaller in the case of the applied field. R for the (110) and (101) faces can be calculated from the slope as follows: (1) and (2), R for the (110) and (101) faces in an applied field are 9.98 ± 0.06 µm/h and 13.26 ± 0.05 µm/h, respectively, while those in the absence of a field are 11.63 ± 0.07 µm/h and 14.76 ± 0.03 µm/h, respectively. Since the errors involved in these measurements were very small, it can be clearly concluded that the application of an electric field caused a reduction in the growth rate. Figure 3 shows the dependence of the growth rate for the (110) and (101) faces on the degree of supersaturation. It can be seen that regardless of the supersaturation, the growth rate was always lower in the presence of an electric field. Again, the error bars for these measurements are very small. We have previously demonstrated that the nucleation rate during growth of tetragonal HEW lysozyme crystals increases (i.e., the driving force for nucleation increases) under an external electric field with a frequency of 1 MHz [50] . It might therefore be expected that the growth rate would also increase, in contrast to the results obtained in the present study. This would imply that the growth kinetics are changed under the applied field. We have previously observed that an external electric field does not affect the growth kinetics of YBCO superconductive oxides [60, 61] . Therefore, this effect may be unique to protein crystals. A dislocation-free crystal cross-linked for 15 min [58] was used in this experiment, so that 2D nucleation and growth of the birth-and-spread type should only occur on the growing faces. Under the range of supersaturations used in this experiment, the formation of multiple nuclei at several points on one growing face (multiple nucleation mode) has been observed for tetragonal HEW lysozyme crystals [62] . The growth rate R using the birth-and-spread model is expressed as [63, 64] :
Results
where J is the rate of two-dimensional (2D) nucleus formation, v step is the tangential step velocity (which is related to the step kinetic coefficient β step as v step = Ωβ step (C − C eq ) [65] ), Ω is the kink volume, and h is the step height.
In the case of the (110) faces of tetragonal HEW lysozyme crystals, an elementary step involves two molecules [66] [67] [68] [69] . The rate of 2D nucleus formation J on the (110) face can thus be expressed using a model derived from classical nucleation theory, as follows [62, 70] :
where is the frequency of attachment of molecules to the critical 2D nucleus, Γ is the Zeldovich factor, Z is the steady-state admolecule surface concentration, s is the area in which one molecule occupies inside the critical 2D nucleus (s = 1.06 × 10 −17 m 2 ) [69] , κ is the specific edge free energy, k B is the Boltzmann constant, and T is the absolute temperature.
On the other hand, in the case of the (101) faces, an elementary step involves one molecule [66] [67] [68] [69] ; therefore, the rate of 2D nucleus formation J on the (101) face can be expressed according to the classical nucleation theory [62, 70] :
Here s = 7.84 × 10 −18 m 2 [69] . Substituting Equation (4) into Equation (3) gives the growth rate in the coordinates ln(R/σ 1/6 (1 − e −σ ) 2/3 ) versus 1/σT 2 on the (110) face as follows:
where α is the effective surface free energy of the step end (α = κ/h). Here, the step height on the (110) face is taken to be 5.6 nm [62] . In contrast, substituting Equation (5) into Equation (3) gives the growth rate in the coordinates ln(R/σ 1/6 (1 − e −σ ) 2/3 ) versus 1/σT 2 on the (101) face as follows:
Here, the step height of the (101) face is taken to be 3.4 nm [62] . Figure 4 shows the dependence of the growth rate R with and without an external electric field on 1/(σT 2 ). The effective surface free energy for the step end, α, for the (110) and (101) faces can be estimated using Equations (6) and (7), respectively. Based on the straight line fit to the data in Figure 4a , α with and without an external electric field was estimated to be 1.249 mJ/m 2 and 1.189 mJ/m 2 , respectively, for the (110) face. Table 1 shows the effective surface energy for the step end for the (110) and (101) faces with and without an external electric field. For both faces, α is seen to be approximately 5% larger in the presence of the electric field. This would makes steps more difficult to form, thus leading to a flatter crystal surface. This could also prevent impurities from being incorporated into the steps during crystal growth, which would result in a decrease in the misorientation between subgrains. Therefore, the improved crystal quality for tetragonal HEW lysozyme crystals under a 1 MHz applied field may be predominantly caused by the increase in the effective surface energy of the step ends.
Discussion
Let us thermodynamically consider the increase in the effective surface energy of the step ends under an applied field. During nucleation, electrostatic energy is added to the chemical potentials of the liquid and solid phases by the electric field, which leads to an increase in the driving force for nucleation [50] . This would seem to suggest that the growth velocity would also increase. However, in the present study, the electric field was found to cause a reduction in the growth rate. Thus, the increase in the effective surface energy of step ends due to the electrostatic energy may overcome the increase in the driving force for nucleation. Employing the Helmholtz free energy, the free energy on the crystal surface F s can be expressed as:
where U s is the energy required for formation of a step and S s is the entropy related to the shape of the step. Therefore, the electrostatic energy added to the energy required for step formation and the entropy related to the shape of the step must be considered. The modified energy due to formation of the step U s(E) , and the modified entropy related to a shape of the step S s(E) , can be derived from the Helmholtz free energy:
where U s(0) and S s(0) are the energy required for formation of the step and the entropy related to the shape of the step without an external electric field, respectively, T is the absolute temperature, is the electrical permittivity, E is the strength of the external electric field, and V c is the volume to which the external electric field is applied. Therefore, the free energy on the crystal surface would increase if the energy required to form the step increases or the entropy related to the shape of the step decreases under an external electric field.
First, let us consider the effect of the external electric field on the entropy. The dependence of the electrical permittivity of protein crystals on the temperature has been measured using monoclinic lysozyme crystals [71] , whereby the sign of the derivative for protein crystals is positive (i.e., the entropy related to the shape of the step decreases under an external electric field). On the other hand, whether the energy required to form the step increases or decreases is attributed to the magnitude between the electrical permittivity and the temperature dependence of the electrical permittivity, as seen in Equation (9) . The temperature dependence of the electrical permittivity for protein crystals can be estimated to be about 10 −11 C 2 /Nm 2 K using the data reported by Rashkovich et al. [71] , whereas the electrical permittivity for protein crystals has been measured to be about 10 −10 C 2 /Nm 2 [71] . Thus, − T ∂ ∂T is negative, which leads to a reduction of the energy required to form a step under an external electric field. Thus, under an applied field, the increase in the effective surface energy of the step end could be caused by a decrease in the entropy related to the shape of the step. That is, the improvement in crystal quality under an electric field could be due to a decrease in the entropy related to the shape of the step.
In addition, this result could indicate that control of the effective surface energy of the step ends would play an important role in the growth of high-quality protein crystals, which could be achieved by a decrease in the entropy related to the shape of steps and/or an increase in the energy required to form steps.
